Although extensive information is available on the effects of substrates, incubation temperatures, and duration of incubation with respect to mycotoxin production (4, 11) , little information is presently available on the effects of ionizing irradiation on aspergilli as related to subsequent toxin production. Because radiation is presently being used for food preservation both at the basic and applied levels (17) , information regarding biological changes in the toxigenic potential of aspergilli would be of significance to public health.
The sensitivity of various fungi to ionizing radiation has been established (8, 9, 15) . Three hundred krad of irradiation has been reported to be inhibitory to the growth of Aspergillus spores (8) . Similarly, 350 krad was found to be sufficient to inhibit specific aspergilli growth in cereal grain (22) . Growth of air-dried Aspergillus spores was inhibited by use of alpha and Xrays (24) . Significant increases in aflatoxin production have been reported in cultures from Aspergillus spores exposed to low levels of ' Ohio Agricultural Research and Development Center Journal Article no. 101-75. gamma irradiation, with complete spore inhibition occurring at an irradiation level of 400 krad (5) . However, observation of mycelial development with possible subsequent mycotoxin production after an irradiation exposure of 500 krad has been reported for Aspergillus (13) . This is not in agreement with previous reports on radiation sensitivity of spores (5, 6, 8, 9) .
Few reports are presently available on metabolic changes in aspergilli after exposure to ionizing irradiation. Therefore, the significance of this investigation was to determine such effects on Aspergillus ochraceus as exemplified by ochratoxin A production. (10) . The relative humidity was maintained by use of concentrated solutions of (NH4)2SO4.
Spore suspensions were prepared by adding sterile distilled water to 14-day-old sporulated cultures. Spores were separated from the distilled water by use of membrane filtration (2) . Spores were then washed twice using 50-ml washes of distilled water and again filtered. Individual groups of five screwcap vials containing the filters and spores of NRRL-3174 were exposed to predetermined radiation levels of 10, 25, 50, 100, 150, 200, 300, 400, or 600 krad from a 60Co source. After irradiation, spores from the five tubes given each treatment were pooled via three 3-ml washes of sterile distilled water and adjusted by serial dilutions to a spore density of from 1.6 x 106 to 1.79 x 106 spores/ml. All spore densities were confirmed before inoculation of the substrate by direct counting by using a Petroff-Hausser and Helber counting chamber (C. A. Hausser and Son, Philadelphia, Pa.). The maximum time lapse between irradiation of the spores and inoculation of substrates was approximately 1.5 h. Spore viability was determined before and after respective spore irradiation by the technique of germ tube development by using brain heart infusion nutrient broth. Except for the 300-, 400-, and 600-krad levels of irradiation, all spores maintained more than a 97% viability throughout the experiment.
Constituents of the synthetic medium were those used by Adyes and Mateles (1). The synthetic medium was prepared immediately before inoculation with spores and was sterilized by membrane filtration by using a filter pore size of 0.45 ,im. The synthetic medium was dispensed into sterile 250-ml cotton-stoppered Erlenmeyer flasks, each flask receiving 25 ml of medium.
A cracked hard red wheat, too large to pass through a sieve mesh screen (no. 14), was used for the enriched medium. The wheat was initially cracked in a 10-C International hammer mill. Moisture content of the wheat was determined and maintained at less than 5% to reduce possible mycelial development during storage. The wheat medium was contained in 99-ml cotton-stoppered, screw-cap dilution bottles, each bottle containing 25 g of medium. Distilled water (12.5 ml) was added to each flask of wheat before autoclaving at 121 C for 20 min. To obtain proper consistency, each flask was vigorously shaken by hand before and immediately after autoclaving. The autoclaved wheat remained at room temperature for approximately 18 h to allow for proper moisture distribution before inoculation with A. ochraceus. The experimental design consisted of three replications for each of the seven irradiation levels (10, 25, 50, 100, 150, 200, 300) and two substrates (wheat and synthetic media) studied. One milliliter of irradiated spore suspension was aseptically added to each of 14 flasks containing either wheat or synthetic medium. To determine the possibility of contamination of media before or during incubation, 2 uninoculated flasks per 10 flasks of inoculated media were maintained throughout the investigation.
To facilitate proper spore dispersal within the media, the synthetic medium was swirled, whereas the wheat required manual shaking for approximately 2 min. All inoculated substrates were incubated for 1 to 11 days at 28 C in a sealed glass tank enclosed within a gyrorotary incubator (New Brunswick Scientific Co.). Tank and contents were rotated at approximately 150 rpm, while a relative humidity of 98 + 2% was maintained within the tank by use of saturated solutions of (NH4)2SO4. In conjunction with mechanical rotation, all wheat samples were manually shaken each day to facilitate grain separation and maximum ochratoxin production. To retain a 25% moisture level in the inoculated wheat, 1 ml of sterile distilled water was added to each flask at 24 and 48 h of incubation (20) .
Preparation of standards. Ochratoxin A standards were prepared by the method of Rodricks and Stoloff (16) . The initial concentrations of these reference standards were calculated and graphed based upon their ultraviolet light absorption in benzeneacetonitrile at 333 nm on a DU-2 spectrophotometer (Beckman Instruments, Inc.). By using this analytical procedure, ochratoxin A could be accurately quantitated down to amounts as small as 0.2 ,ug. All standards, when not in use, were stored at -18 C in 5-dram glass Teflon-lined screw-cap vials.
Calibration of 60Co source. A TLR-5 thermoluminescent dosimeter (Eberline) was used for determination of irradiation potential of the 60Co source. An average dose rate of 10.2 krad per min was calculated after trial exposures, in triplicate, of LiF crystals to the cobalt source. Each trial consisted of five crystals, each crystal being contained in a glass vial later used in the spore irradiation studies.
Analysis of substrate. Flasks of synthetic medium, representing each level of gamma radiation for each of the three replications, were removed daily from the relative humidity chamber of the rotary incubator from day 1 through day 11 of incubation. Mycelial growth was separated from the synthetic medium by filtering and the filtrate was collected in a 250-ml separatory funnel. The mycelia-free liquid was then extracted by the method of Adyes and Mateles (1) with the following exception: phase extractions of the growth-free liquid were accomplished by two 25-ml washes of chloroform instead of a single 1:1 chloroform-liquid wash. The two ochratoxin-containing chloroform phases were pooled and brought to dryness under nitrogen. The resulting residue was transferred to glass vials (10 by 75 mm) via three 2-ml chloroform washes and returned to dryness. All dried extracts were stored at -18 C.
Flasks of wheat medium, representing each level of irradiation for each of the three replications, were removed daily from the relative humidity chamber of the rotary incubator from day 1 through day 11 of incubation. The primary extraction of each wheat sample was accomplished by the method of Stoloff et al. (19) .
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The primary chloroform extract was subsequently reduced to dryness under nitrogen. The resulting residue was transferred by three 2-ml chloroform washes to an eluting column containing 15 g of 100 to 200 mesh no. 923 silica gel. The crude ochratoxins were eluted by the method of Pons (14) and returned to dryness on a rotary flask evaporator, and the residue was transferred to glass vials by three 2-ml chloroform washes, redried, and stored at -18 C.
The respective crude extracts, representing the different incubation times, irradiation levels, and sample media, were dissolved in 100 Al of chloroform and 1-, 2-, 5-, and 10-1.l aliquots were spotted on thin-layer glass chromatography plates coated with MN-Kieselgel silica gel at a thickness of 250 um. All thin-layer glass chromatography plates were activated at 80 C for 2 h before use. Ochratoxin A was visually identified against standards, Hf values, and fluorescent properties under ultraviolet light, then collected into extraction soxlets via a microvacuum zone collector (Brinkmann). The ochratoxin was then removed from the soxlets by three 10-ml "flowthrough" washes of chloroform-acetone (4:1) into test tubes (16 by 125 mm) and brought to dryness under nitrogen gas.
The dried residues were later suspended in 2.2 ml of benzene-acetonitrile (98:2) with each tube being agitated for 30 s on a Vortex junior mixer (Scientific Products). The final quantitative analysis of ochratoxins was calculated from the absorbance readings on a DU-2 spectrophotometer at 333 nm. The spectrophotometer was periodically standardized by the method of Rodricks and Stoloff (16) .
To determine the accuracy and precision of the analytical methods used in this experiment, the following tests were conducted. Known quantities (2 ,ug) of ochratoxin A were added to each of five flasks of synthetic media and five flasks of wheat. The synthetic media and wheat were then extracted according to procedures outlined above. Under the conditions of the present experiment, average recoveries of 97 t 2% and 95 t 3% were obtained for all five flasks of synthetic media or five flasks of wheat, respectively.
Quantitative determinations of ochratoxin production relative to irradiation levels, media, time, and the interactions of these factors were accomplished according to analysis of variance (18) 10, 25, 50 , and 100 krad of irradiation demonstrated monophasic curves. Cultures developing from 10-, 25-, and 50-krad-exposed spores produced significantly more toxin after 8 days of incubation than did controls. Peak ochratoxin production from the 10-and 25-krad-irradiated spores occurred on day 9, whereas for 50-krad cultures, production extended from day 9 through day 11. Production of ochratoxin A by cultures exposed to 150 krad demonstrated a diphasic curve (Fig.  2) whereas 200-krad exposures exhibited monophasic chracteristics. Less overall toxin was produced by cultures irradiated at these levels than by controls, with peak toxin production occurring at days 11 and 9 of incubation, respectively.
Ochratoxin A production in synthetic medium. Figure 3 represents average daily variations from three replications involving the production of ochratoxin A by A. flavus NRRL-3174 when grown in 25 ml of a synthetic medium.
A monophasic curve was exhibited by both non-irradiated and irradiated spore-derived cultures. Cultures developing from spores which received 10, 25, 50, and 100 krad produced the most significant increases of ochratoxin. Exposures of 150 and 200 krad resulted in significantly smaller amounts of toxin than were produced by control cultures during the same length of incubation. Cultures derived from exposures of 10 and 25 krad produced larger total amounts of toxin than did any of the other irradiated or control cultures, with maximum peaks of ochratoxin being produced approximately 2 days earlier than the controls. The synthetic medium did not apparently contain the required nutrients for repair of metabolic injury in cultures receiving either 150-or 200-krad levels of irradiation when compared with controls and cultures from spores receiving lower levels of irradiation.
The mean dry mycelial weights from irradiated and non-irradiated cultures after incubation in synthetic medium were determined. By day 3 of incubation, the mycelial weights of irradiated cultures were either greater than or the same as those of controls. After this time, however, mycelial weights of irradiated cultures decreased when compared to those of con- trol cultures. Although overall significant increases in ochratoxin A production were observed in this study, no significant changes were observed in mycelial weights of either control or irradiated cultures which would help to explain the increases in toxin production.
DISCUSSION
Mycelial development from spores of the toxigenic organism, A. ochraceus NRRL-3174, was reduced in both the wheat substrate and synthetic medium after irradiation with 300 krad. Jemmali and Guilbot (13) stated that mycelial development and subsequent mycotoxin production by A. flavus V-3734-10 was not inhibited by radiation levels of up to 500 krad; however, the inhibition of germination of Aspergillus spores at 300 krad as reported by Bridges (8) is compatible with the findings of this study. Significant differences were observed in ochratoxin production between cultures developing from non-irradiated and irradiated spores when grown in synthetic media or on a wheat substrate. Irradiation levels of 400 and 600 krad resulted in complete inhibition of spore germination.
The daily variations in ochratoxin production observed in this study are similar to those reported by Arseculeratne and Bandunatha (7). These workers, using various substrates and Aspergillus cultures, found that maximum aflatoxin (B1 and G1) production varied within 2 to 14 days of incubation. In an investigation of the toxigenic potential of strain Nv. Exposure of A. ochraceus NRRL-3174 to 10, 25, 50, 100, and 150 krad of 60Co irradiation resulted in an increase in the ochratoxin Aproducing potential of cultures developing from irradiated spores as compared to non-irradiated controls. Generally, more toxin was produced in wheat than was produced in the synthetic medium, with most of the toxin being produced in the latter after 7 days or either 10 or 25 krad of irradiation (Fig. 3) . Increases in the toxinproducing capabilities of aspergilli via irradiation exposures, as exemplified in this study, are in agreement with the results of Jemmali and Statistical analysis of the dry weights of mycelial mats developing from both irradiated and non-irradiated spores indicated that changes in mycelial mass did not contribute to the significant increases in toxin production. Findings of the present investigation indicate that media, length of incubation, and exposure to irradiation do have a profound effect upon the daily and total amounts of ochratoxin A produced. No studies were conducted nor hypotheses formulated at this time to explain possible metabolic changes incurred by spores as exemplified by the different amounts of toxin produced by irradiated versus non-irradiated spores when grown in either a natural or synthetic medium. However, increases occur in mycotoxin production by toxigenic aspergilli because of irradiation exposures, as were demonstrated in this study.
Implications. Cobalt irradiation at levels of 200 krad is now sanctioned by the United States Department of Agriculture for irradiation of wheat (17) . Results of the present investigation indicate that increased production of ochratoxin A by irradiation of toxigenic strains of fungal spores can occur. Therefore, if irradiated wheat or other irradiated food products containing A. ochraceus spores are mishandled, a strong possibility exists for increased production of ochratoxin A that would certainly be of public health significance.
